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SVPWM strategyThis paper deals with a new control technique applied to five-phase induction motor under open-end sta-
tor winding (FPIM-OESW) topology using the backstepping nonlinear control. The main objective is to
improve the dynamics of this kind of machine, which is intended to be used in high power industrial
application, where the maintenance is difficult and the fault tolerant is needed to ensure the continuous
motor operating mode with minimized number of interruption. This control technique is combined with
the Space Vector Pulse Width Modulation (SVPWM) to maintain a fixed switching frequency. In addition,
the Model Reference Adaptive System (MRAS) concept is used for the estimation of the load torque, the
rotor flux and the rotor speed to overcome the main drawbacks presented with the previous sensorless
systems concepts. However, the great sensitivity to the changes of the motor internal parameters and it
operating instability problems, especially in low-speed operating region, that causes an estimation error
of the rotor speed, is the most disadvantage of the MRAS technique. Therefore, to solve this problem, an
estimation method of the motor internal parameters such as the rotor resistance, the stator resistance
and the magnetizing inductance, is proposed in this paper. Where, the main aim is to improve further-
more the control performance, to reduce the computational complexity and to minimize the rotor speed
estimation error. The obtained simulation results confirm the enhanced performance and the clear effi-
cacy of the proposed control technique under a variety of cases of different operating conditions.
 2019 Karabuk University. Publishing services by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
During the recent years, multi-phase AC machine drives have
gained an increasing interest, due to the numerous significant fea-
tures that they offer when compared to their three-phase machine
counterparts, such as increased robustness, reduced torque ripple,
reduced stator current per phase, higher torque density and fault
tolerance capability [1–3]. Therefore, multi-phase motor drives
appear to be an outstanding competitor, especially in industrial
application where high power levels are required such as railway
traction, naval and aircraft propulsion and aerospace application
[4–6]. On the other hand, multilevel inverters have been used
widely due their high power capability, especially under high volt-
age and/or high current industrial application. Indeed, theseinverters present several advantages such as reduced dv=dt, lower
total harmonic distortion and reduced common-mode voltage [7].
In this context, it has been shown recently that combining these
two concepts, especially in high power industrial application can
lead to additional benefits. Thus, the work presented in this paper
aims to benefit from the merits of the both aforementioned con-
cepts, where a topology based on the opening of the FPIM stator
winding neutral point, which is known as ‘‘open-end stator wind-
ing (OESW)” and supplying the both obtained winding ends by a
two basic five-phase two-level inverters, is investigated. This con-
figuration offers some additional benefits over the conventional
single-side supplied configurations. It is obvious that if the OESW
topology is used, the waveform of the supplied voltage to the
FPIM-OESW will present exactly the difference between the two
dual inverters output voltages, which is similar to the supplied
voltages by one conventional three-level inverter feeding a FPIM
under stator star connection.
On the other side, many control techniques have been used,
as an example the two well-known control techniques of the
Nomenclature
Acronyms
MRAS model reference adaptive system
SVPWM space vector PWM
FPIM five phase induction motor
OESW open-end stator winding
FPIM-OEW five phase induction motor open-end stator winding
Symbols
a b z1  z2 stationary frames
d q x y synchronous frames
isd, isq: d q frame stator current (in ampere (A))
Vsd,Vsq: d q frame stator voltage (in volte (V))
isx, isy stator currents in x y frame (in ampere (A))
Vsx,Vsy stator voltage in x y frame (in volte (V))
wrd,wrq d q frame rotor flux (in weber (Wb))
wr rotor flux (in weber (Wb))
wsd,wsq stator flux following d q axis (in weber (Wb))
ws stator flux (in weber (Wb))
Rs stator resistance (in ohms (X))
Ls stator inductance (in henry (H))
Rr rotor resistance (in ohms (X))
Lr rotor inductance (in henry (H))
Lls leakage inductance of stator (in henry (H))
Llr leakage inductance of the rotor (in henry (H))
Lm magnetization Inductance(in henry (H))
Tr rotor time constants (in seconds (s))
r dispersion coefficient (of Blondel)
nP pole pairs number
x rotor angular speed (in radian per second (Rad=s))
xs synchronous angular speed (in radian per second
(Rad=s))
xsl slip angular speed (in radian per second (Rad=s))
J moment of inertia of load and the motor (in Kilogram
per meter square (Kg=m2))
F viscous friction coefficient (in Newton meter second
(N:m:s))
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their easy implementation. Nevertheless, the major drawbacks of
these techniques are their remarkable sensitivity to the changes
of the motor parameters and the presence of the torque ripples.
To overcome such drawbacks, the backstepping technique based
on SVPWM is proposed in this paper. This application, which com-
bines the presented control technique and the proposed motor
topology, presents an original work that has not been treated before
by other researchers. This control technique offers excellent perfor-
mance and a better speed tracking response to the reference. Fur-
thermore, it possesses some key advantages such as the inherent
robustness to the eventual variations of the motor parameters,
which helps improving the dynamic behavior of the motor, the
reduction of the torque ripples, the enhancement of the response
dynamics, the constant switching frequency due to the use of the
SVPWM strategy and the decoupling between their dynamics
[9,10].
In the recent year, a number of researchers have proposed sev-
eral methods to ensure an accurate estimation of the main influ-
encing variables such as the rotor speed and the rotor flux to
fulfill the requirement of the sensorless control approach. In this
context, to ensure the sensorless control of the three-phase motor,
the speed has been estimated by various techniques, the famous
one is the extended Kalman filter method [11]. However, because
of the sensitivity of such control techniques to the changes in the
machine parameters and due to the lack of effective tuning criteria,
the estimation becomes inaccurate. The authors in [12] have pro-
posed some methods to estimate the motor speed based on high
frequency signal injection. However, they have been obliged firstly
to design a system for ensuring the signal injection, which has ren-
dered these techniques to be unsuitable for robust control and fur-
thermore difficult to be implemented practically. An Adaptive
Luenberger observer has been designed to ensure the systems
states estimation based on the machine model [13]. However,
the problem of sensitivity to the changes in the machine parame-
ters (especially the resistances) has made the estimation to be an
inaccurate. A full-order sliding mode observer has been proposed
where better performance has been obtained, but still some prob-
lems have not been solved, such as the influence of the noise char-
acteristic, which affects the precision [14]. Whereas, the chattering
problem which has been eliminated using higher order sliding
modes, has led to system complexity and has increased the overall
computational cost. The Model Reference Adaptive Systems(MRAS) has been firstly introduced in [15], which has become
the most used approach in ensuring an accurate estimation of
the motor rotor speed and rotor flux, due to its design simplicity,
accuracy, fast convergence, reduced computational cost and ease
implementation [16,17]. However, it is sensitive to the changes
of the motor parameters because the effectiveness of the MRAS is
depending strictly on the rotor resistance. It is important to clarify
that a small deviation of the estimated rotor flux from the mea-
sured rotor flux obtained in real time, leads to an important error
in the estimation of the speed. Furthermore, it can be a main cause
of instability of the control technique itself. This deviation is due
principally to the change of the rotor resistance caused by the
increase of the motor internal temperature, which may vary up
to 100% of its initial value [18,19]. Consequently, several research-
ers have proposed many online algorithms for ensuring the accu-
rate estimation of the actual motor rotor resistance. The authors
in [20] have used an approach for the estimation of the rotor resis-
tance, which is deduced from the well-known Extended Kalman
Filter, where the performance and the power efficiency are signif-
icantly improved. In [21], the authors have proposed the fuzzy
rotor resistance estimator. However, the obtained results show
that it does not guarantee a good estimation of the motor rotor
resistance when the reference speed changes suddenly. The work
presented in [22], shows that the estimation error of the motor
rotor resistance converges to 10% using Luenberger observer, but
this error weakens the performance of the control system. In
[23], the authors have presented a rotor resistance estimator based
on the reactive-power reference model, but the main drawback of
this estimation is its very sensitivity to the load variation. On the
other side, it was found that the stator resistance is not dominant
in the high speed range, so a possible estimation error will not
affect the rotor flux calculations. Contrarily, in low-speed opera-
tion, the precise estimation of the stator resistance value becomes
critical [24]. Many researchers have orientated their works on the
estimation of the stator resistance, where a method using a full-
order flux observer has been proposed to ensure an improved sen-
sorless control [25]. In [26], the reactive power has been evaluated
first, then the stator and rotor flux have been calculated next,
where an expression has been derived finally for the stator resis-
tance calculation based on the previously calculated quantities.
On the other side, the error quantity in the observer-based systems
proposed in [27,28], has served as an input into the stator resis-
tance adaptation mechanism which has been determined based
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currents, where the proportional integral (PI) controllers have been
used for this purpose. But it may be noted that the problems with
this methods are the response time and the error estimation, espe-
cially in the presence of sudden changes in the speed or load tor-
que. These methods also require more computing time due to
the complexity of solving differential equations. In the same con-
text, it has been found that the mismatch of magnetizing induc-
tance affects the accuracy of the estimated rotor speed, especially
when the speed variation is required within a wide operation
range. It is well known that the magnetizing inductance is depend-
ing strongly on the motor magnetizing characteristic, which means
that any eventual change in the magnetizing inductance is fol-
lowed by the machine magnetizing flux change [29]. Furthermore,
in the field-weakening region, it is required to reduce the rotor flux
reference as the rotor speed increases over its nominal value. The
drawback of this region is that the variation of the magnetizing
inductance in the machine affects the motor operation. It is there-
fore necessary to provide an online estimation of the magnetizing
inductance. Indeed, some online estimation approaches have been
proposed for improving the motor operation in [29,30]. In [31] the
difference between the observed rotor flux and the reference
model are used to estimate the magnetizing inductance, but in
electrical vehicle (EV) applications, the operating speed range is
wide and the speed changes frequently, which limits the accuracy
of the compensation method. Based on the presented state of the
art in this introduction, it can be concluded that without the motor
parameters estimation, the desired performances response of the
motor control cannot be obtained [23], the system control stability
cannot be ensured and the motor dynamic behavior can be
degraded drastically [10], especially in the presence of the varia-
tions of the load torque and the speed.
The main contributions of the proposed control scheme pro-
posed in this paper are to solve or reduce the aforementioned dis-
advantages. They are summarized as follows:
 The design of a simple control scheme that combines some pre-
vious control techniques to be applied for the sensorless control
of FPIM-OESW topology. Where, the investigation on the pro-
posed control and the proposed motor topology presented in
this paper, is an original work that has not been treated before
by the researchers.
 The guarantee of an accurate estimation of motor parameters,
especially the stator resistance, the rotor resistance and the
magnetizing inductance where the main aim is to minimize
the error and the computational time in comparison with the
previous works [21–23,27,28,31,32].
 The improvement of the proposed control robustness based on
the estimation of the applied load torque on the motor. Where,
the proposed method proposed in this paper is based on a sim-
ple algorithm compared to the works presented in [33,34].
The present paper is structures as follows: In Section II, a brief
review of the dual two-level inverter feeding the studied FPIM-
OESW is presented. Then, a review on the principle of the used
backstepping control based on SVPWM algorithm is explained. In
section III, the stability of the proposed control technique based
on Lyapunov theory is discussed. Section IV presents the investiga-
tion and discussion of the use of the MRAS-based estimation in
ensuring the accurate estimation of the motor rotor speed, the
rotor flux and the load torque. The design processes proposed in
this paper to estimate the motor parameters (magnetizing induc-
tance, rotor and stator resistance) are presented in details in Sec-
tion V. The obtained simulation results are discussed in section
VI. Finally, the present paper ends with a general conclusion.2. The five-phase induction motor open-end stator winding
(FPIM-OESW)
2.1. The FPIM modeling
The FPIM model has been formulated previously based on the
commonly used simplifying assumptions [7,35]. Where this model
has been presented in the synchronous reference following the
(d q x y) axis and in the stationary reference following the
(a b z1  z2) axis [36,37]. In the synchronous reference, two
orthogonal frames called d q and x y are used. Where, the com-
ponents d q are responsible for developing the fluxes and the tor-
que, while the remaining x y components generate the machine
losses. Taking into account the orientation following the rotor flux,
which means wrd ¼ wr and wrq ¼ 0 [7,10,18,38], the dynamic equa-
tion of the FPIM in the d q x y reference frame can be pre-
sented as follows [38]:
disd
dt ¼ a1isd þx isq þ a2wr þ 1r Ls Vsd
disq
dt ¼ a1isq x isd þ a2wr þ 1r Ls Vsq
disx
dt ¼  RsLls isx þ
1
Lls
Vsx
disy
dt ¼  RsLls isy þ
1
Lls
Vsy
8>>>><
>>>:
ð1Þ
dwrd
dt ¼ dwrdt ¼ LmTr isd 
wr
Tr
dwrq
dt ¼ 0 ¼ LmTr isq xslwr
dx
dt ¼ a3wr isq  npJ TL  FJ x
8>><
>: ð2Þ
where, r and s subscripts refer to the rotor and the stator
respectively.
With: a1 ¼ L
2
m RrþRsL2r
r LsL2r
, a2 ¼ LmRrr LsLr ,a3 ¼
n2p Lm
J Lr
, r 1 LmLsLr ,
x ¼ xs xsl.
From Eqs. (1) and (2), the electrical model equivalent schema of
FPIM on a synchronously reference frame can be obtained as
shown in Fig. 1 [39,40]. This model contains two decoupled equiv-
alent circuit following the two axis of d q frame, which is similar
to the three-phase model, two decoupled equivalent circuit follow-
ing the two axis of x-y model, and two decoupled equivalent circuit
for the rotor following the two axis of x-y model which have sim-
ple resistive inductive representative equivalent circuit.
2.2. The dual inverter supplying a FPIM-OESW
Fig. 2, shows the principle circuit of the studied topology pre-
sented in this paper [7,8], where only one DC source is used to pro-
vide the required input power to the dual two-level inverter
feeding the FPIM-OESW. The two inverters constituting the dual
two-level inverter are marked by indices 1 and 2 as shown in
Fig. 2. On the other side, the motor stator windings of the five
phases are equally displaced by an angle h ¼ 2p=5, where these
stator windings are supplied from the both sides by the two invert-
ers. By using this topology, the common mode voltage is forced to
zero due to the connection path between the two inverters [41].
Furthermore, more protection can be ensured for the bearing,
where its lifespan can be increased, this is due to the absence of
the circulating current through the motor case that was initially
created by the common mode voltage in the conventional
topology.
Taking into account that the two inverters output terminals are
connected to the motor terminals of the corresponding phases.
Thus, the phase voltages across each stator winding can be
obtained by applying Kirchhoff’s law to Fig. 2 as follows [7]:
Fig. 1. A d-q-x-y axis equivalent circuit of the five phase Induction machine in an arbitrary synchronously rotating.
Fig. 2. The principle topology of a dual-inverters connected to FPIM-OESW with one DC source.
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Vsb ¼ VB1  VB2
Vsc ¼ VC1  VC2
Vsd ¼ VD1  VD2
Vse ¼ VE1  VE2
8>>>><
>>>:
ð3Þ
where: (VA1,VB1, VC1, VD1, VE1) and (VA2,VB2, VC2, VD2, VE2) are
the five-phase output voltages of the first inverter and the secondinverter respectively. The output voltage of the two inverters in
the two stationary frames a b and z1  z2 are obtained based on
the five-phase output voltages of each inverter i ¼ 1 ; 2f g as follows:
Vabi ¼ 2=5ðVAi þ aVBi þ a2uCi þ a3VDi þ a4VEiÞ
Vz1z2 i ¼ 2=5ðVAi þ a2VBi þ a4VCi þ a6VDi þ a8VEiÞ
(
ð4Þ
where: a ¼ eðj2p=5Þ.
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Vsab ¼ Vab1  Vab2
Vsz1z2 ¼ Vsz1z21  Vsz1z22

ð5Þ
The space vector representing the different possibilities of the
output voltage and their eventual switching states of the used
five-phase inverter in the a b frame and z1  z2 frame are shown
in Fig. 3a and b respectively. It is obvious that in the a b frame,
there are thirty none zero space vectors and two zero space vectors
which are corresponding to all the eventual states of the switches
of the two-level five phase inverter as shown in Fig. 3a. The same
number of none zero vectors and zero vectors, following the same
states of the switches are obtained in the z1  z2 frame as shown in
Fig. 3b.
The thirty non-zero space voltage vectors presenting the active
vectors can be defined following three main groups of ten large
vectors, ten medium vectors and ten small vectors. On the other
side, the plane of the a b frame and z1  z2 frame are divided into
ten similar sectors, where each sector covers an angle of p/5 degree
as shown in Fig. 3. The voltage space vectors in z1  z2 frame do not
contribute in the production of the developed torque by the motor,
but they can contribute in increasing the power losses in the stator
windings [7].3. The principle of the proposed control
3.1. Backstepping control
The main idea behind the backstepping control technique is to
ensure the stability of the nonlinear studied system [42]. Indeed,
it is based on the decomposition of the entire control system toFig. 3. The voltage space vectors and the switching states of the five-phase inverter
1 in: (a) a b frame and (b) z1  z2 frame.subsystems, where for each subsystem, a virtual control law is cal-
culated, which serves as a reference for the following subsystem in
obtaining the accurate control law of the whole studied system. In
the present study, the designed control law has to ensure the pur-
suit of the reference rotor speed x and at the same time to keep
the reference rotor flux wr constant. In this paper, at each stage a
virtual control is generated to ensure the convergence of the sys-
tem to its equilibrium state based on the Lyapunov function that
is used with the proposed backstepping controller. Indeed, it has
been found in the present study that the only problem faced when
using the backstepping controller is the building of the Lyapunov
function adapted to the studied system. However, as the appropri-
ate Lyapunov function is constructed, the asymptotic stability of
the system will be ensured. However, there is no exact theoretical
basic for finding the appropriate Lyapunov function of the specified
system, but in all most control cases it is based essentially on the
experience and the intuition of the control designer. This can be
a considered the main major drawback of using the Lyapunov func-
tion with the proposed controller, But this disadvantage can be
omitted totally when the function is well defined [13,38,42–44].
Indeed, Lyapunov function is a very powerful tool for testing and
finding sufficient stability of dynamical system conditions. The sta-
bility depends only on the variations (sign of the derivative), or a
function which is equivalent, along the trajectory of the system.
Furthermore, an important merit of Lyapunov function-based sta-
bility analysis in backstepping control is that the actual numerical
solution of the differential equations is not required and it can be
used for arbitrary differential equations [45].
The first step consists in defining the errors and the dynamics of
the variables to be controlled such as the rotor speed x and the
rotor flux wr , where the dynamics of the variables is presented by
their corresponding derivatives. In the present paper, these errors
are corresponding to the error between the real rotor speed and
the reference rotor speed (ex) and the error between the real rotor
flux and the reference rotor flux (ew) respectively, which are
expressed as follows [10,13]:
ex ¼ x x
ew ¼ wr  wr
_ex ¼ _x  _x
_ew ¼ _wr  _wr
8>><
>>:
ð6Þ
By replacing _x ¼ dx=dt and _wr ¼ dw=dt with their expressions
presented in Eq. (2), Eq. (6) becomes:
_ex ¼ _x  a3wr isq þ npJ TL þ FJ x
_ewr ¼ _w

r þ wrTr  LmTr isd
(
ð7Þ
The main aim of the required control is to ensure the stability of
the real rotor speed and the rotor flux control loops. Where, the
virtual inputs presenting the references stator currents isd and i

sq
are used to fulfill this requirement and which can be obtained
using the Lyapunov functions control. The first chosen Lyapunov
function V1 that is associated with ex and ew is defined as follows
[10]:
V1 ¼ 12 e
2
x þ e2w
 
ð8Þ
Therefore, its derivative can be written as:
_V1 ¼ _ex  ex þ _ew  ew ð9Þ
Using Eq. (7), Eq. (9) becomes:
_V1 ¼ ex _x  a3wr isq þ
np
J
TL þ FJ x
 
þ ew _wr þ
wr
Tr
 Lm
Tr
isd
 
ð10Þ
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(10) can be reformulated as follows:
_V1 ¼ Kx  e2x  Kw  e2w þ ex Kx  ex þ _x  a3wr isq þ
np
J
TL þ FJ x
 
þ ew Kw  ew þ _wr þ
wr
Tr
 Lm
Tr
isd
 
ð11Þ
To achieve the asymptotic stability of the both control loops, the
Lyapunov condition _V1  0 has to be satisfied, which means that
the following condition have to be met:
Kx  ex þ _x  a3wr isq þ npJ TL þ FJ x ¼ 0
Kw  ew þ _wr þ wrTr  LmTr isd ¼ 0
Kx  0
Kw  0
8>><
>>>:
ð12Þ
This yields to the final form of the Lyapunov function
derivative:
_V1 ¼ Kx  e2x  Kw  e2w ð13Þ
Based on Eq. (12), the virtual control inputs presenting the sta-
tor reference currents isd and i

sq, which allow generating the stabi-
lizing functions using the stability condition of Lyapunov theory,
can be obtained as follows:
isd ¼ TrLm Kw  ew þ _w
 þ wrTr
 
isd ¼ 1a3wr Kx  ex þ _x
 þ FxJ þ TLnpJ
 
8><
>: ð14Þ
This reference current will be used in the following step for con-
structing the control law. Indeed, in the second step, the control
law Vsd, Vsq, Vsx and Vsy of the whole system are determined, where
the two new errors of the current stator components along d q
axis and x y axis are defined as follows [44]:
eisd ¼ isd  isd
eisq ¼ isq  isq
eisx ¼ isx  isx
eisy ¼ isy  isy
8>>><
>>:
ð15Þ
Furthermore, their dynamics are expressed as:
_eisd ¼ _i

sd  _isd
_eisq ¼ _i

sq  _isq
_eisx ¼ _i

sx  _isx
_eisq ¼ _i

sy  _isy
8>>><
>>>:
ð16Þ
Based on the derivative of Eq. (15) and Eq. (1), the derivatives of
the stator current errors can be calculated:
_eisd ¼
disd
dt  a1isd x isq  a2wr  1r Ls Vsd
_eisq ¼ di

sq
dt  a1isq þx isd  a2wr  1r Ls Vsq
_eisx ¼ di

sx
dt  RsLls isx 
1
Lls
Vsx
_eisq ¼ di

sy
dt  RsLls isy 
1
Lls
Vsy
8>>><
>>>>:
ð17Þ
For the stability study, the new Lyapunov function V2 is defined
taking into account the three errors such as the rotor speed error,
the rotor flux error and the stator currents error, which is
expressed as follows:
V2 ¼ 12 e
2
w þ e2x þ e2isd þ e2isq þ e2isx þ e2isy
 
ð18ÞHence, the derivative of V2 is obtained:
_V2 ¼ ew _ew þ ex _ex þ eisd _eisd þ eisq _eisq þ eisz1 _eisz1 þ eisz2 _eisz2
  ð19Þ
By substituting Eq. (17) into Eq. (19), while keeping the first
parameters Kx and Kw the same as the ones used in Eq. (13), the
derivative of V2 can be rewritten as follows:
_V2 ¼ A1 þ A2 þ A3 þ A4 þ A5 ð20Þ
With:
A1 ¼ Kxe2x  Kwe2w  Kisd e2isd  Kisq e2isq  Kisx e2isx  Kisy e2isy
 
A2 ¼ eisd Kisd eisd þ
disd
dt  a1isd x isq  a2wr  1r Ls Vsd
 
A3 ¼ eisq Kisq eisq þ di

sq
dt  a1isq þx isd  a2wr  1r Ls Vsq
 
A4 ¼ eisx Kisx eisx þ di

sx
dt  RsLls isx 
1
Lls
Vsx
 
A5 ¼ eisy Kisy eisy þ di

sy
dt  RsLls isy 
1
Lls
Vsy
 
8>>>>>>><
>>>>>>>:
To obtain a negative derivative of the Lyapunov function V2, the
following conditions have to be satisfied:
Kisd eisd þ
disd
dt  a1isd x isq  a2wr  1r Ls Vsd ¼ 0
Kisq eisq þ di

sq
dt  a1isq þx isd  a2wr  1r Ls Vsq ¼ 0
Kisx eisx þ di

sx
dt  RsLls isx 
1
Lls
Vsx ¼ 0
Kisy eisy þ di

sy
dt  RsLls isy 
1
Lls
Vsy ¼ 0
Kisd  0; Kisd  0; Kisd  0 and Kisd  0
8>>>>><
>>>>>:
ð21Þ
The final step in the design of the control law is based on defin-
ing the expressions of the stator voltage references which are given
by the following expressions:
Vsd ¼ r Ls Kisd eisd þ
disd
dt  a1isd x isq  a2wr
 
Vsq ¼ r Ls Kisq eisq þ di

sq
dt  a1isq þx isd  a2wr
 
Vsx ¼ Lls Kisx eisx þ di

sx
dt  RsLls isx
 
Vsy ¼ Lls Kisy eisy þ di

sy
dt  RsLls isy
 
8>>>><
>>>>>:
ð22Þ
The parameters Kx, Kw, Kisd , Kisq , Kisx and Kisy that have been used
in our proposed control are positive and they have been chosen to
achieve the improved requirement of the proposed backstepping
control such as a faster dynamic of the stator currents, the rotor
flux and the rotor speed. Where their accurate values selection will
improve the dynamic of the closed loop and hence guarantee the
stability of the controlled system [38,44]. Indeed, the values of
these parameters used in this paper, have been chosen based on
the best values, which have been obtained through several simula-
tion experiences, where the main criterion of selection was to fit
the best dynamic requirement of the stator current, the rotor flux
and the rotor speed.
At the end of this section, it important to clarify the effect of the
‘‘explosion of terms” problem that is inherent in the standard back-
stepping control and presents its main limitation as it was
explained in several previous works. Indeed, this problem can be
appeared due to the repeated analytic time derivative of the con-
trol input and it inevitably leads to the algorithm complexity, the
increase of the computation cost, and the difficulty of the con-
troller design for system with high order. Fortunately, this problem
can be solved using a kind of filters such as the first-order filter, the
command filters and the robust second order filters to overcome
the aforementioned drawbacks and to avoid the problem of ‘‘ex-
plosion of terms” problem. In the present work, this problem has
not been occurred due to the nature of the control inputs, the accu-
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function. The simulation results obtained in the present paper
under different scenarios proves clearly that the proposed con-
troller can overcome this main limitation of the standard backstep-
ping controller.Fig. 5. The block diagram of the speed estimator based on MRAS technique.3.2. The used SVPWM technique
The use of the dual two-level inverters requires a total number
of 25  25 voltage space vectors, i.e. 1024 possible switching states.
However, due to the larger number of possible space vectors it is
not evident technically to use all these switching states in the
SVPWM [7]. Indeed, many previous works have investigated on
the SVM for such kind of inverter and it is actually the subject of
several researches [46]. In this paper, a very simple SVPWM
scheme, which has been proposed previously in [7] is used, where
the number of space vectors is 32 as explained in Fig. 3. In this
scheme, the reference voltage is divided equally between the both
inverters i.e., each inverter produces the half of the required volt-
age. The principle of this technique, which is applied to the both
modulators SVM_1 and SVM _2 of the both used inverters in the
dual topology, is shown in Fig. 4.
According to Fig. 4, the reference voltage space vector lying in
the considered sector is synthesized using the appropriate switch-
ing times, which are corresponding to the six selected voltage
space vectors, two long voltage space vectors, two medium voltage
space vectors and two zero voltage vectors which are used in all
sectors. The active vectors are selected from the concerned sector.
For example, for SVM_1, the reference stator voltage space vector
Vs1 is found in Sector 1 as shown in Fig. 4a, it can be synthesized
based on the two long voltage space vectors: V25, V24, and the
two medium voltage space vectors: V16, V29 and two zero voltage
vectors: V0, V31.4. The model reference adaptive system (MRAS) technique
4.1. Estimation of the rotor speed and the rotor flux
The model reference adaptive system (MRAS) technique pre-
sented in this paper, is the original one proposed in [16,47,48],
its basic principal is shown in Fig. 5. Indeed, the main aim of this
estimation technique is to provide the estimated rotor speed and
the estimated rotor flux under the assumptions that the only avail-
able input variables for the measurement are the stator currents
and the supplied voltages. It is based on using two models, the first
one is the reference model representing the stator voltage model,
which is independent of the rotor speed, and the second one is
the adjustable model representing the stator current model, whichFig. 4. The principle of determining the active space vectors of the dual-inverter
for: a) SVM 1 and b) SVM 2.uses the rotor speed as a parameter of the motor. The two models
are defined in the stationary a b frame as follows [16,47,48]:
 Reference Model:
dwra
dt ¼ LrLm Vsa  Rsisa  r Ls disadt
 
dwrb
dt ¼ LrLm Vsb  Rsisb  r Ls
disb
dt
 
8<
: ð23Þ
 Adjustable model
dw^ra
dt ¼ RrLmLr isa  RrLr w^ra þ x^  w^ra
dw^rb
dt ¼ RrLmLr isb  RrLr w^rb  x^  w^rb
8<
: ð24Þ
The error signals in the a b frame, between the outputs of the
two models is given by the following equation:
e ¼ w^r  wr ¼ ½w^ra w^rb	 
 ½wra wrb	 ¼ w^ra  wrb  w^rb  wra ð25Þ
where ‘‘
” is the cross product of the two vectors.
The obtained errors signals are used as the inputs of a PI con-
troller that is designed to ensure the MRAS stability. Whereas,
the output signal of the PI controller presents the estimated rotor
speed used in adjusting the adjustable model until the perfor-
mance criteria is satisfied. The estimated rotor speed can be
expressed as follows:
x^ ¼ Kp  w^ra  wrb  w^rb  wra
 
þ Ki 
Z
w^ra  wrb  w^rb  wra
 
dt
ð26Þ
where: isa, isb and Vsa, Vsb are the measured stator currents and volt-
ages in the a b frame respectively, Kp and Ki are the proportional
and the integral parameters respectively.
4.2. Load torque estimation
The mechanical equation of the studied FPIM is expressed as
follows:
dx
dt
¼ 1
J
Te  TLð Þ  FJ x ð27Þ
where, the load torque TL can be known or it can be measured using
a mechanical sensor. In this paper to avoid the use of the torque
sensor and to improve the backstepping control performance, a load
torque estimator is proposed for the estimation of the applied load
torque on the motor. This estimator enables to rebuild the load tor-
que through the record of the rotor flux and the rotor speed, which
are estimated based on the MRAS technique. Finally, from (24) and
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ing expression:
T^L ¼ pLmLr w^raisb  w^rbisa
 
 J dx^
dt
 Fx^ ð28Þ
The global scheme of the block diagram of the rotor speed esti-
mation and the load torque estimation based on MRAS model is
shown in Fig. 6.
5. Motor parameters estimation
The most important disturbances which can have an important
influence on the accuracy of the estimated rotor speed obtained
based on the MRAS and which can lead to the system control fail-
ure, is the sensitivity to the variation of some parameters of the
motor, such as the stator and rotor windings resistances (Rs,Rr)
and the magnetizing inductance (Lm). On the other side, the rotor
position error is a more serious problem, especially at very low
speed, which can lead to the control failure [24]. Therefore, this
paper focuses in integrating the motor parameters estimation in
the proposed control technique, where the main aim is to over-
come the main problem of the variation of motor parameters,
which is faced when the estimation is based on MRAS technique.
5.1. Stator resistance estimation
It is well known that the motor stator resistance varies during
the motor operation state due mainly to the variation of the stator
windings temperature [49]. Therefore, to ensure the on-line esti-
mation of the stator resistance, a simple PI controller is used. The
adaptation process is based on the following equation:
eRs ¼ is wr  w^r
h iT
¼ isa isb
	 
  wra  w^ra
wrb  w^rb
" #
ð29Þ
Which yields to:
eRs ¼ isa wra  w^ra
 
þ isb wrb  w^rb
 
ð30Þ
The stator resistance estimation can be defined based on the
adaptation process as follows:
R^s ¼ Rs þ KPRs  eRs þ KIRs
Z
eRs  dt ð31Þ
Where; KPRs and KIRs are the proportional and the integral parame-
ters of the PI controller used in the stator resistance adaptation pro-
cess respectively.Fig. 6. The block diagram of the speed estimator and Load torque estimator based
on MRAS model.5.2. Rotor resistance estimation
The rotor resistance plays an important task in determining the
dynamics behaviors of the induction motor. Therefore, an accurate
on-line identification of the rotor resistance value under the actual
operating state has an important impact in obtaining a precise on-
line estimation of the rotor flux to ensure the control of the motor
(see Eq. (24)). In this work, a simple estimation method for the
identification of the rotor resistance R^r in real time, which is based
on the estimated stator resistance R^s can be obtained following Eq.
(31), where the main aim is to simplify the control and to reduce
the used algorithm cost. The rotor-estimated resistance expression,
which is developed in this paper is based on the previous proposed
method in [50]. Hence, the rotor-estimated resistance can be per-
formed as follows:
R^r ¼ Rr 1þ d2d1
R^s
Rs
 1
 ! !
ð32Þ
Where; d1 and d1 are the temperature coefficient at 20 C of the
metals used in the stator and rotor windings respectively. If both
winding are made from copper then d1 ¼ d2  0:00386, if the rotor
conductor or bars are made from aluminum then d1  0:00429 and
d1  0:00386.5.3. Magnetizing inductance estimation
The magnetizing flux is a function of the stator current and sta-
tor flux. Thus the estimated magnetizing flux can be defined in the
a b frame as follows:
w^ma ¼ w^sa  Lsisa
w^mb ¼ w^sb  Lsisb
(
ð33Þ
The magnitude of the estimated magnetizing flux can be
obtained based in Eq. (33):
w^m ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
w^
2
sa þ w^
2
sb
q
ð34Þ
In this work, the definition of the magnetizing current magni-
tude Im which was presented in [29,30] is taken into account, it
is a function of the magnetizing flux, it is expressed a follows:
I^m ¼ w^mLm aþ ð1 aÞ w^m wmN
  1b 
ð35Þ
The coefficients a and b are the magnetizing curve parameters,
their values are the ones used in [29,30], which are a ¼ 0:9 and
b ¼ 7. The rating magnetizing flux wmN and the rating magnetizing
inductance Lm of the used machine are known initially or can beFig. 7. The basic scheme of the estimation of the motor parameters.
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magnetizing flux are estimated, then the magnetizing inductance
Lm can be estimated as follows:
L^m ¼ w^m
I^m
ð36Þ
The global scheme of the estimation of the studied motor
parameters is shown in Fig. 7.6. Simulation results
For the validation and the evaluation of the advantages of the
proposed backstepping control technique presented in this paper
for ensuring the control of the dual two-level inverter supplying
a FPIM-OESW. Several simulations have been performed at differ-
ent operation conditions, such as the start-up, the load application,
the load variation, the motor parameters change, the high and low
speeds and the inversion of the rotation direction. Whereas, the
estimation of the rotor speed, the load torque and the motor
parameters such as the rotor resistance, the stator resistance and
the magnetizing inductance, have been used. The block diagram
of the overall control system is shown in Fig. 8. As it has been
clearly explained, the proposed backstepping control presented
in this paper is based on the MRAS technique and it is combined
with the SVPWM to improve the control performances of the over-
all presented topology of the FPIM and the dual two-level inverter.
The electrical and mechanical parameters of the motor areFig. 8. The basic scheme for the SVM-Backstepping sensorless control of FPIM-Opresented in Table 1. Here, the constant reference value of the used
rotor flux is set to 0:7 Wb.
6.1. First test
The first test has been performed to check the effectiveness and
the performance of the used speed sensorless scheme with the
estimation of the load torque and the motor parameter. Where,
the measured rotor speed is replaced by the one obtained by esti-
mation. In this test, the used reference speed consists of two
phases; the first phase varies linearly from zero to the value of
the steady state (100 rad/sec) which is reached in 0.5 s. Whereas,
the second phase it presents the steady state speed which is con-
stant as shown in Fig. 9. The rotor real speed, the rotor estimated
speed and the reference speed of the studied motor starting from
the start up instant to 2.5 s are shown in the same figure. It is clear
that the proposed speed estimator allows ensuring an accurate
tracking of the real speed of the motor, with small response time
compared to the simulation results presented in [47,48,51]. A
zoom is taken from Fig. 9 around the instant of 0.5 s, shows the
precise tracking, especially along the overshoot (0.01 rad/sec)
referred to the reference steady state speed. Furthermore, Fig. 10
shows the speed estimation error, which presents the instanta-
neous difference between the rotor real speed and the rotor esti-
mated speed. Where, this error is nearly equal to 0.005 rad/sec
during the transient state of the start-up that is required to reach
the reference speed. It is obvious that this estimation error rejoins
approximately the zero when the steady state of the motor isESW based on model reference adaptive system and parameter estimation.
Table 1
The rated data of the FPIM-OESW.
Designation Notations Rating values Unity
Number of poles np 2 /
Stator resistance Rs 1.2 [X]
Rotor resistance Rr 1.8 [X]
Rotor leakage reactance Llr 5.4e-3 [H]
Stator leakage reactance Lls 5.4e-3 [H]
Magnetizing inductance Lm 0.15 [H]
Moment of inertia J 0.07 [Kg.m2]
Friction coefficient F 0.001 /
Fig. 9. The reference, real and estimated rotor speed of the studied motor.
Fig. 10. The speed estimation error.
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compared to the error obtain in the work presented in [10,43]at
the start up.
Fig. 11 shows the estimated load torque and the reference load
torque applied to the shaft of the studied motor, which presents a
sequence of step changes. The load torque measurement is
expected to be obtained based on the load torque sensor. It is clear
that the proposed control allows ensuring accurate load torqueFig. 11. The reference load torque and the estimated load torque.estimation with faster response. Indeed, it tracks accurately its ref-
erence with a neglected estimation error which equals nearly zero
as shown in Fig. 12. The angular rotor position is shown in Fig. 13,
it varies between zero and 2p rad. It is clear that it presents a peri-
odic function, however due to the acceleration phenomena during
the start-up (between 0 s and 0.5 s) the period decreases following
the increase of the rotor speed until it reaches a constant value at
around 0.5 s which is corresponding to the steady state reference
speed. While Fig. 14 shows the developed electromagnetic torque
by the studied motor under the proposed control. It is observed
obviously that the developed electromagnetic torque presents high
dynamic with fast response and it is equal to the load torque in
steady state, where it tracks precisely the imposed step changes
of the load torque. The switching ripple is not seen in the devel-
oped electromagnetic torque due to the use of the SVPWM which
can be consider as an advantage of using this control technique
for the considered dual inverter.
The five phase stator currents of the studied FPIM-OESW are
shown in Fig. 15. It is clear that the currents behave according to
the dynamic behaviour of the motor, which is depending on the
load torque change, where sinusoidal waveforms are obtained with
reduced harmonic content and their magnitudes change following
the developed torque. In the same time the stator five phase cur-
rent are balanced as it can be seen clearly in the zoom area shown
in Fig. 15.
Fig. 16 shows the studied motor direct and quadratic stator cur-
rents (isd,isq) in the synchronous frame. It can be noticed that the
direct stator current (isd) is presenting the image of the rotor flux
and it takes nearly constant value and both of them behave in
the same way. Whereas, the quadratic stator current (isq) is propor-
tional to the electromagnetic torque and the isq is increased to com-
pensate the load torque, when a step load is applied. It is clear that
the direct rotor flux represents a fast response in tracking the ref-
erence flux (0.7 Wb) as shown in Fig. 17. While the quadratic rotor
flux maintains it value nearly equal to zero. This shows that the
decoupling between the rotor flux and the torque is achieved
and as it is expected, the rotor flux trajectory in the stationary
a b frame presents a circular form as shows in Fig. 18. Fig. 19
shows the rotor and stator estimated resistances of the studied
motor, it is obvious from the obtained results that the proposed
estimator is able to estimate the real values of the stator and rotor
resistances accurately within a time less than 0.01 s, even if the
load torque is increased. It can be said that this proposed estimator
is not affected by the increase of the load torque and it is more fas-
ter compared to the previous works presented in [18,23,32,50,52–
55]. On the other side, the real and the estimated magnetizing
inductance are shown in Fig. 20. It can be seen clearly, that the esti-
mated Lm follows closely the real value. We can also note that we
have almost achieved the same simulation results presented in
[31]with less complex algorithm.Fig. 12. The load torque estimation error.
Fig. 13. The real and estimated angular rotor position.
Fig. 14. The motor electromagnetic developed torque and the load torque.
Fig. 15. The FPIM stator currents.
Fig. 16. The d-q stator currents.
Fig. 17. The d-q rotor flux.
Fig. 18. The rotor flux trajectory in a-b frame.
Fig. 19. The reference and estimated resistances of the rotor and stator
respectively.
Fig. 20. The reference and estimated magnetizing inductance.
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Fig. 22. The reference and estimated rotor resistance variations.
Fig. 23. The real, reference and estimated speed responses.
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In this test, the motor operates under low-speed operation. In
order to study the influences of the changes in the motor parame-
ters on the speed estimation, the initial stator resistance of the
motor at start-up is Rs ¼ 1:2 X, and after 1 s, Rs is changed from
1.2 to 2.4, meanwhile the rotor resistance Rr is changed from 1.8
to 3.6 during 1 s. It can be seen from Fig. 21 that the estimated val-
ues of the stator resistance are not taken into consideration in the
used control system during the time between 0 s and 2 s. The
parameter estimation system is activated at 2 s as shown in Figs. 21
and 22, where the stator and rotor resistances are estimated by the
proposed method. Indeed, the online estimations of the motor
parameters, which are proposed to be added to the MRAS estima-
tor, are designed for the enhancement of the low-speed operation
dynamics behavior. For this purpose, a simulation test was per-
formed for the motor running at low speed of 2 rad/sec without
load torque. It can be seen in Figs. 21 and 22 that the estimated
resistances Rs and Rr follow very closely the real values with neg-
ligible error. Also, it is observed that the change in stator resistance
has no effect on rotor resistance estimation performance.
Fig. 23 shows the rotor reference speed, the rotor estimated
speed and the rotor real speed. It can be said that the rotor real
speed and the rotor estimated speed converge to the reference
speed rapidly. While the rotor estimated speed tracks in an accu-
rate manner the rotor real speed even at a low speed (2 rad/sec)
where the tracking estimation error is reduced from 6% to 0.3%
compared to the work presented in [16,53,56]. This result proves
the high dynamic of the used MRAS estimator in ensuring advanta-
geous stable operation mode of the studied motor at low speeds in
comparison with the classical and conventional controllers. The
error results between the rotor real speed and the rotor-
estimated speed reflects the accuracy quality of the used speed
estimator as shown in Fig. 24. Furthermore, based on the obtained
results, it can be said that the proposed backstepping control based
on MRAS is very sensitive to the variation of the Rs and Rr . Indeed,
incorrect values of the resistances can affect remarkably the accu-
racy of the speed estimation, which means that an increased esti-
mation error between the rotor real speed and the rotor estimated
speed makes the MRAS performance poor. In order to avoid this,
the activation of the stator and rotor resistance estimators respec-
tively at t = 2 s is performed, consequently a considerable mini-
mization of the estimation error of the speed is obtained as
shown clearly in Fig. 24.Fig. 24. The speed estimation error.6.3. Third test
In order to evaluate and to check the robustness of the used
estimator which is proposed in this work, it is important to check
the influence of the motor parameters change on the dynamic ofFig. 21. The reference and estimated stator resistance variations.the estimator. Therefore, a reverse speed tests without load has
been performed following the reference speed, which varies in
three steps, from zero to 100 rad/sec, from 100 rad/sec to
100 rad/sec and from 100 rad/sec to zero as shown in Fig. 25.Fig. 25. The rotor speed and the rotor estimated speed variations.
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estimator allows obtaining a rotor estimated speed which matches
perfectly the rotor real speed with improved performance follow-
ing the various speed variations presented in this test. Further-
more, the good estimation performance of the angular rotor
position is ensured as shown in Fig. 26. Indeed, the obtained sim-
ulation results of the motor parameter estimation are shown in
Fig. 27, where the two estimated resistances reach the real values
in a very short time less than 0.003 s and the estimated motor
parameters follow the real values during all changes in the refer-
ence speed with negligible estimation error, which proves the
high-speed response and the accuracy of the proposed estimator.
Finally, based on the obtained results following the three previ-
ous tests of the application of proposed backstepping control tech-
nique on FPIM-OESW, which is based on the MRAS combined with
the SVPWM. It can be said that the proposed backstepping is able
to ensure the tracking of the speed reference within a large range
with enhanced performance under different speed constraints such
as the speed reference variation, the speed reference inversion, the
low speed and the load disturbances. Furthermore, the obtained
results confirm that the parameter estimation algorithm used in
the proposed control is robust under the variation of the studied
motor parameters during operating state such as the rotor resis-
tance, the stator resistance and the magnetizing inductance, due
to the accurate parameter estimation, where the FPIM-OESW does
not loose stability under different operation conditions. In the
same time, it is proved that the proposed control technique is also
robust to the speed variations and it is not affected by the speed
changes and the direction inversion as shown clearly in Fig. 27.
These main outstanding features resulting from the application
of the proposed backstepping control technique on the FPIM-
OESW will permit to such motor to be used in several indusial
applications, where the main problems, which can be faced practi-
cally, are overcome. Especially, the motor operation interruptionFig. 26. The rotor and the estimated angular rotor position.
Fig. 27. The resistances of the rotor and stator and the magnetizing inductance.due to power supply faults, the difficulties in operating at low
and very low speed mainly in high power, more maintenance of
the sensors, the appearance of the impact of the common mode
voltage and the short lifespan of motor bearings. Indeed, the pre-
sent study presented in this paper benefits from the main advan-
tage of the five-phase induction machine, the open-end stator
windings and the applications of the proposed control technique,
which is applied for the first time with the studied topology of
FPIM-OESW, where the main aim is to improve the FPIM perfor-
mances in industrial applications.
The proposed technique is based mainly on the measured stator
voltage and current, which ensures more simplification of the pro-
posed technique, so that the necessary computing costs can be the
minimized as much as possible. On the same time, the proposed
technique is different from the previous techniques published in
[21–23,27,28,55], where mostly of these techniques suffer from
the common problem of complexity, computational intensiveness.
Instead, the proposed method is very simple and the process of the
rotor speed and the stator resistance estimators operate in parallel
rather than in sequential manner. Thus, it can be said that the over-
all control concept proposed in this paper does not involve a fur-
ther computational cost and it can be implemented easily in a
low-cost microcontroller.7. Conclusions
In this work, a new control technique based on the backstep-
ping control technique, which is combined with the SVPWM is pro-
posed for the control of a FPIM-OESW topology. Where, the Model
Reference Adaptive System concept is used for the estimation of
the load torque, the rotor flux and the rotor speed. Furthermore,
a high sensitive estimator of the parameters of the studied motor
under operation state, such as the rotor resistance, the stator resis-
tance and the magnetizing inductance, is proposed in this work.
Indeed, the presented control with the proposed estimators have
been tested via simulation under different operation conditions
of the studied motor, especially under conditions of load variation,
speed variation, rotation inversion, low speed and motor parame-
ter changes. The obtained results demonstrate that the proposed
algorithm has a powerful approach to track the variation of the
parameters of the studied motor compared to the previous works.
The advantage of this algorithm lies in its robustness towards the
speed and load torque variations, and it can guarantee a minimal
response time with a lowest estimation error.
Based on the obtained results, it can be said that the proposed
control technique based on the proposed estimator presents a very
competitive and promising solution for the control of the multi-
phase machines, especially for the presented topology of OESW.
On the other side, this proposed control technique is an original
application where it is applied in this work for the first time for
the present studied motor topology. It can be said that the pro-
posed control can be used effectively to overcome the main prob-
lems faced in controlling the multi-phase machines, especially in
high power industrial applications, where the maintenance is diffi-
cult and the fault tolerant is required to avoid the motor operating
mode interruption within a wide range of speed variation. It can be
concluded that the obtained results have proved the improvement
of the control performance, the minimization of the computational
complexity and the outstanding efficacy of the proposed estima-
tors following different severe operating scenarios.
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